The folding of many proteins including luciferase in vivo requires the assistance of molecular chaperone proteins. To understand how a chaperone targets luciferase, we took three luciferases that give different bioluminescence with the same luciferin substrate and with differences in homology. The three luciferase genes, firefly luciferase (FF-Luc) (from Pyrocoelia miyako), and red (RE-Luc) and green (GR-Luc) bioluminescence-emitting luciferases (from Phrixothrix railroad-worms), were expressed in Escherichia coli to produce fusion proteins with predicted molecular masses. Subsequently, we observed that DnaK and GroEL were co-purified along with recombinant luciferase. Although the amount of co-purified DnaK was almost the same compared to FF-Luc, GroEL was 25 and 32 times higher in GR-Luc and RE-Luc respectively. Furthermore, co-expression of GroEL/GroES along with luciferase substantially refolded RE-Luc and GRLuc compared to FF-Luc.
The key enzyme that catalyses the light-emitting reaction during bioluminescence is luciferase. Firefly luciferases (FF-Luc, max 550 nm) from Photinus pyralis and Pyrocoelia miyako emit yellowish green bioluminescence and are highly homologous. 1) During the past 50 years, firefly luciferase has found many applications in biotechnology. 2) There are other luciferases from Phrixothrix railroad-worms that emit green (GR-Luc, max 549 nm) and red (RE-Luc, max 623 nm) bioluminescence with the same chemistry as FF-Luc. It is known that RE-Luc and GR-Luc are pH insensitive, and they are predicted to show structural differences when compared to FF-Luc. 2, 3) Furthermore, the homology between GR-Luc and RE-Luc is 70%, but when compared to FF-Luc the homology is only around 50%. Although cloning of GR-Luc and RE-Luc has been reported, their folding properties are yet to be understood in the presence or absence of chaperones. 3) Understanding the folding properties will assist in the use of these luciferases in biotechnology applications. The molecular chaperones are known to fold cellular proteins correctly under both physiological and stress conditions. [4] [5] [6] [7] In prokaryotes, chaperone machinery operates in two tiers, one involving the DnaK/DnaJ/ GrpE system and the other involving GroEL/GroES systems. 5) DnaK acts as a monomer, but most of the Hsp70 proteins act as dimmers. 8) GroEL alone operates as a cage complex with 14 subunits.
5) The involvement of the DnaK/DnaJ/GrpE system in the folding of FFLuc (from Photinus pyralis) in vivo and in vitro has been explained. 6, 9) More detailed folding studies on FF-Luc upon in vitro translation in cell-free systems have been reported. 10, 11) Further, folding studies on chemically denatured FF-Luc in the absence of chaperones have been performed. 12, 13) It is known that GroEL can bind to FF-Luc but cannot refold it in the presence of ATP and GroES, 14) but GroEL has been shown to refold bacterial luciferases both in vivo and in vitro. 15, 16) The proposed mechanism by which GroEL targets some specific proteins is through the hydrophobic exposed surfaces of the target protein. 4, 5) So far, around 300 substrates have been found for GroEL chaperones. 4) Apart from the normal expression of chaperones for cell survival, coexpression of chaperones along with the protein of interest results in increased soluble fractions and increases in activity. [17] [18] [19] In this study, the role of chaperones in the folding of y To whom correspondence should be addressed. Fax: +81-72-751-9628; E-mail: venkatesh balan@hotmail.com Abbreviations: GST, gluthathone-S-transferase; FF-Luc, firefly luciferase; GR-Luc, green bioluminescence emitting luciferase; RE-Luc, red bioluminescence emitting luciferase; ATP, adenosine tri nucleotide phosphate; SDS-PAGE, sodium dodecyl sulphate containing polyacrylamide gel electrophoresis; DnaK, GroEL, DnaJ, and GroES, heat shock proteins 70, 60, 40, and 10 respectively; GrpE, cofactor for chaperones; His, 6 Â histidine tag; PP, precision protease; SP, spacer residues; Luc, luciferase; LB, luria-bertini medium fusion proteins from E. coli, viz., GR-Luc and RE-Luc was investigated. When the three recombinant luciferases FF-Luc, GR-Luc, and RE-Luc were purified by affinity chromatography, we noticed that DnaK and GroEL were co-purified along with them. Although the co-elution of DnaK for all three was similar, the coelution of GroEL was substantially higher in the case of RE-Luc and GR-Luc than in that of FF-Luc. Coexpression of different combinations of chaperones with three different luciferases has indicated that GroEL/ GroES combinations can refold GR-Luc and RE-Luc more substantially than FF-Luc.
Materials and Methods
Bacterial strains and vector construction. For construction of the three luciferases, forward primers with CACC followed by a precision protease sequence (underlined) and reverse primers includes stop codon TTA and His-Tag sequence (underlined) were used ( Table 1) . We amplified the DNA fragment by PCR and cloned it into a pENTER/D-TOPO vector. Subsequently, the DNA fragment was transferred to a pDEST15 vector using Gateway systems (Invitrogen), which has an ampicillin resistance gene. Different combinations of chaperone genes containing plasmids (Table 2) were purchased from Takara (Japan). 18) These plasmids contain a chloramphenicol resistant gene. E. coli strains such as XL1-blue or DH5 were used for plasmid construction and purification, while BL21-AI E. coli strains (Invitrogen) were used for overexpression of luciferase and chaperone proteins. In some of the experiments, expressions of luciferase were done both in the presence and in the absence of chaperones. This was possible because all the chaperone-containing plasmids were of pACYC origin, and hence could be co-transfected with other luciferase-containing plasmids (pDEST15) which were of pBR322 origin. E. coli strains (BL21-AI) harboring a single or a pair of expression plasmids (one for a luciferase and the other for a chaperone) were grown in LB medium containing 50 g/ml of ampicillin and/or 20 g/ml of chloramphenicol at 37 C. Proper selection of strain was further cross-checked by protein expression by monitoring the relevant protein expression. For this, when the culture reached mid-log phase (optical density 600 nm, 0.4), expression of the luciferase and/or chaperones was induced by adding L-arabinose (final concentration 0.2%) and/or tetracycline (5 ng/ml) to the medium, and the culture was further incubated for an additional 22 to 25 h at 25 C or 18 C respectively.
Purification of luciferase and electrophoresis. The cultured E. coli cells (BL21-AI) were harvested by centrifugation at 5,000 rpm for 15 min and re-suspended in lysing buffer (50 mM Tris, 2 mM EDTA, 25 mM NaCl, Ã Plasmids from Takara (Japan). pH 8.0), followed by French press (Pearl). The lysed sample was centrifuged at 16,000 rpm for 30 min and the soluble portion was mixed with GST-sepharose and incubated at 4 C for 30 min with gentle shaking. Then protein bound to GST-sepharose was passed through a column and washed with 10 column volume of lysing buffer. Then recombinant luciferases were eluted using the same buffer with 10 mM reduced glutathione. Fractions were collected and checked for activity by SDS-polyacrylamide gel (PAGE). Fractions were concentrated with a cellulose acetate membrane filter (Amicon).
Mass spectrometry and western blotting. Mass spectrometry (MALDI-TOF MS) analysis for protein extracted from SDS-PAGE (VOYAGER-TE PRO, Applied bio systems) was performed using the standard protocol. For western blotting analysis (PVDF, Immobilon, Millipore), protein samples were mixed with 2 x sample buffer, boiled for few minutes, and subjected to electrophoresis in 4/20 gradient SDS-PAGE. The membranes were first incubated with antibodies against DnaK, GroEL (stress gene), or A.F.Luc (self preparation) respectively, and then with horseradish peroxidase conjugated anti-rabbit IgG antibody (Cappel) or antirabbit IgG antibody (Jackson Immuno Research) according to standard procedures. Immuno-reactive bands were visualized using an ECL detection kit (Amersham) according to the manufacturer's instructions.
Assay for luciferase activity. The overnight culture of E. coli (BL21-AI) containing plasmids (pDEST-FF/RE/GR + pContr; pDEST-FF/RE/GR + pKJE7; pDEST-FF/RE/GR + pGro7; and pDEST-FF/RE/ GR + pGKJE8) was harvested and re-suspended in Tris-Cl buffer (pH 8.0), and adjusted to 0.3 and 1.0 absorbance at 600 nm for FF-Luc and GR-Luc, and RELuc respectively. Usually, 50 l of luciferase-containing solution or cell suspension was added to 100 l of luciferin mix (containing 0.5 mM of luciferin, 30 mM of tricine, 0.5 mM of ATP, and 2.5 mM of MgSO 4 , finally adjusting the pH to 8.0). Luciferase activities determined in vivo correlated qualitatively with those determined in cell extracts, as previously reported. 9) Each time the number of photons was integrated to 10 seconds by Luminescence PNS AB2200 (Atto).
Membrane filtration. Chaperone luciferase complex was separated using a centricon 100 kDa membrane filter from Amicon following the manufacturer is protocol.
Hydrophobicity index analysis. The FF/GR/RE-Luc amino acids were aligned based on their homology. Then each amino acid was given a hydrophobicity number, 20) and this was plotted against the amino acid number. Then FF-Luc was compared with that of GRLuc and RE-Luc respectively.
Immuno-precipitation. Purified luciferases were adjusted to the same concentration with a Bio-Rad protein assay kit. Anti-GroEL (3 l) antibodies and Protein-GSepharose were used in the immuno-precipitation of the GroEL-substrate complex following the protocol reported previously.
4) The complex was extracted using 50 l of 2 x sample buffer from the above gel and boiled for 3 min, then cooled on ice. After brief centrifugation, 15 l of this sample was checked by SDS-PAGE.
Results and Discussion
We constructed overexpression plasmids for expressing three glutathione S-transferase (GST)-tagged luciferases (FF-Luc, GR-Luc, and RE-Luc). The details of their construction with GST and the precision protease (PP) sequence are shown in Fig. 1A . The genes were amplified by PCR with primers (Table 1 ) and cloned into pDEST15 vectors using the Gateway protocol (Invitrogen). The vectors were transformed to BL21-AI E. coli competent cells, and a further overexpression procedure was done following the instructions given in the protocol. The overexpressed recombinant luciferases in the E. coli (BL21-AI) strains were purified using a GST-Sepharose column and analysed by SDS-PAGE. In addition to the 90 kDa GST-luciferase bands, additional protein bands were noticed (Fig. 1B) . Analysis of the protein by mass spectrometry showed that DnaK, GroEL, and a hypothetical protein YbaA were copurified with the luciferases (data not shown), but the amount of co-purified chaperone differed for all three luciferases. Western blot analysis using GroEL, DnaK, and luciferase antibodies was performed to quantify the amounts of individual protein components (Fig. 1B) . Using densitometry, we normalized the luciferase to that of DnaK and GroEL. We found that co-purified DnaK was essentially similar for all luciferases, but that the copurified GroEL was 25 times higher in GST-GR-Luc and 32 times higher in GST-RE-Luc than in GST-FFLuc (Fig. 1C) . A small amount of Dnak binding to GST was noticed, and some degraded products were observed for GST-GR-Luc and GST-RE-Luc (Fig. 1B) . This might be due to the presence of exposed surfaces that are cleaved by protease. 21) One might wonder whether GroEL and DnaK were induced when RE-Luc and GRLuc were overexpressed, but this was not the case, since the levels of these proteins were found to be the same (data not shown).
Next we asked whether co-expression of chaperones might increase the activity and folding of luciferases. For this, we co-expressed the different combinations of chaperones, viz., DnaK/DnaJ/GrpE, GroEL/GroES, and DnaK/DnaJ/GrpE/GroEL/GroES (using plasmids from Takara) along with luciferases at 18 C and 25 C (Fig. 2) . We observed that over-expressed chaperones and luciferases were stably expressed in E. coli (BL21-AI) cells. Overall, the amounts of luciferase expressed in the presence or absence of the chaperone were almost the same based on total protein analysis (data not shown). In the presence of the chaperone when luciferase genes were expressed in E. coli at 25 C, we noticed an increase in luciferase activity by 2 to 10-fold, based on an earlier luciferase assay method.
3) But when these E. coli were cultured at 18 C, the effect of coexpression of chaperones was less effective, possibly due to the presence of a smaller amount of unfolded luciferases (Fig. 2b and c) .
We found that co-expression of chaperones did not affect the folding of GST-FF-Luc. It is not clear why coexpression of DnaK/DnaJ/GrpE showed reduced FFLuc activity. We observed that overexpression of GroEL/GroES increased GST-GR-Luc activity both at 18 C and at 25 C, whereas the DnaK/DnaJ/GrpE/ GroEL/GroES combination was effective only at 25 C. One would expect that the combination of five chaperones would substantially increase the activity of luciferases when co-expressed, but such a phenomenon was not observed, probably due to a lack of synergism. Sub- sequently, all three chaperone combinations, DnaK/ DnaJ/GrpE, GroEL/GroES, and DnaK/DnaJ/GrpE/ GroEL/GroES, increased the activity of GST-RE-Luc at 25 C, whereas at 18 C, GroEL/GroES and DnaK/ DnaJ/GrpE/GroEL/GroES showed increases in activity.
It is important to note that the cavity of the GroEL chaperone can accommodate substrates of around 66 kDa. 22) GST-luciferase is around 90 kDa. Hence the refolding should occur via cycles of binding, as proposed earlier.
23) The crystal structure of GR-Luc and RE-Luc is not yet solved, but from the domain analysis, a large portion of the N-and a small portion of C-terminal domains of GR-Luc and RE-Luc are less conserved than in the case of FF-Luc. 3, 24) In order to compare the hydrophobic residues in all three luciferases, we compared the hydrophobic index between FFLuc versus GR-Luc and FF-Luc versus RE-Luc based on previously reported parameters. 20) More hydrophobic residues were noticed between residues 10 to 30 and between 100 to 220 in both GR-Luc and RE-Luc respectively. In addition, RE-Luc showed more hydrophobic residues in the C-terminus than did GR-Luc (data not shown). Overall, RE-Luc was found to have more hydrophobic residues that GR-Luc when compared to FF-Luc (Fig. 3) . The higher the number of hydrophobic residues, the greater the possibility of exposing them in the tertiary structure and the chances of miss-folding.
It has been reported that in domain-containing proteins, the -sheet exposes a hydrophobic surface packed against the hydrophobic surfaces of -helices that would provide good binding surfaces to mediate high affinity interactions with the apical domains of GroEL. 4, 25) It is well known that crystal packing in FFLuc is of the type in the large N-terminal domain 24) and we expected similar structure for GR-Luc and RE-Luc since they have around 60% homology. The remaining 40% difference in the amino acid sequence might have included exposed hydrophobic residues that (a) GST-FF-Luc, (b) GST-GR-Luc, and (c) GST-RE-Luc. (Here, ''þ'' and ''À'' refer to over-expression or not of individual chaperones, viz., of DnaK, DnaJ, GrpE, GroEL, and GroES). All luciferase activity was normalized to luciferase without chaperones. resulted in misfolding of these proteins followed by high GroEL binding to GR-Luc and RE-Luc as compared to FF-Luc.
The GroEL-GST-RE-Luc complex should have a molecular weight higher than 900 kDa (14 Â GroEL, 840 kDa; GST-Luc 90 kDa), and can easily be separated by a 100-kDa cellulose acetate membrane filter. We observed that the membrane-filtered luciferases (retentate) showed activity that confirms that GroEL-bound luciferase is active (Fig. 4) . A few uncomplexed free GST-RE-Luc passes through the 100 kDa membrane. Further confirmation of the complex formation between the three different luciferases and GroEL can be obtained by immuno-precipitation using the same protein concentrations based on the protein assay kit (Bio-Rad). The possibilities, namely (I) complex formation, and (II) no complex formation, are depicted in Fig. 5A . The immuno-precipitation experiment results indicate that all three luciferases are precipitated with the GroEL antibody, confirming complex formation between luciferase and GroEL. We did not see the GroEL band along with immuno-precipitated FF-Luc using GroEL antibody (Fig. 5B, lane 1) , since we used CBB staining. But when silver staining was used, we saw a small amount of GroEL band (data not shown). We failed to remove the GroEL chaperone completely from GR-Luc and RE-Luc, by following different purification strategies. This suggests that there is an irreversible complex formation or that GR-Luc and RELuc need GroEL to keep them in folded form. There is a possibility that the caged GroEL chaperone, apart from refolding, also preserves the molecule in a confined state and prevents protease digestion, as suggested previously. 5, 19) Since RE-Luc shows a distinct bioluminescence spectrum with max ¼ 623 nm, as do FF-Luc and GRLuc, they have potential application in the field of reporter assay systems 26) and for in vivo assay systems. For in vivo monitoring experiments stable luciferases are required, but in many cases GR-Luc and RE-Luc have been found to be unstable. Our observations suggest that luciferases can be stabilized by either the external addition or the co-expression of GroEL/GroES chaperones.
